Background/Aims: The aim of this study was to elucidate how high-mobility group box 1 (HMGB1) exacerbates renal ischemic-reperfusion injury (IRI) by inflammatory and immune responses through the toll-like receptor 4 (TLR4) signaling pathway. Methods: A total of 30 wild-type (WT) mice and 30 TLR4 knockout (TLR4 -/-) mice were selected and then randomly assigned to the Sham, I/R or HMGB1 groups. The serum and kidney tissues of all mice were collected 24 h after the perfusion. The fully automatic biochemical detector and ELISA were applied to determine the blood urea nitrogen (BUN) and serum creatinine (Scr) levels, and TNF-α, IL-1β, IL-6, IFN-γ and IL-10 levels, respectively. HE staining was used to evaluate kidney tissue damage, immunofluorescence and immunohistochemical staining were performed to observe CD68 and MPO cell infiltration, and flow cytometry was applied to detect immune cells. qRT-PCR and Western blotting were used to detect the expressions of TLR signaling pathwayrelated genes and proteins, respectively. Results: Compared with the Sham group, the levels of BUN, Scr, TNF-α, IL-1β, IL-6, IFN-γ and IL-10, kidney tissue damage score, CD68 and MPO cell infiltration, the numbers of immune cells, and the expressions of TLR signaling pathwayrelated genes and proteins in the I/R and HMGB1 groups were significantly up-regulated. In the I/R and HMGB1 groups, the levels of BUN and Scr, TNF-α, IL-1β, IL-6 and IFN-γ, kidney tissue damage score, CD68 and MPO cell infiltration, immune cell numbers, and TLR signaling pathway-related gene and protein expressions in the WT mice were all higher than those in the TLR4 -/-mice, but IL-10 level was significantly lower. Similarly, all aforementioned indexes but
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Introduction
Renal ischemia/reperfusion (I/R) is a significant cause of acute kidney injury (AKI) and an inevitable consequence of several operations, including the treatment of suprarenal aortic aneurysms, partial nephrectomy, surgical revascularization of the renal artery and renal transplantation [1] . Renal ischemia-reperfusion injury (IRI) is clearly a leading clinical problem in native kidneys as well as in the setting of renal transplantation, but the pathogenesis of renal IRI remains unknown. On the one hand, I/R-induced kidney injuries, particularly acute renal failure (ARF), are closely related to the inflammatory response to hypoxia [2, 3] , and the inflammatory response in renal I/R contributes to endothelial activation and injury, promotes endothelial cell-leukocyte adhesion, and triggers leukocyte entrapment, as well as compromises microvascular blood flow [4] . On the other hand, the initial non-immune hypoxic injury and subsequent reperfusion also produce the activation of an innate immune response that contributes to various degrees of tissue damage [5] .
Toll-like receptors (TLRs) play crucial roles in the early detection of pathogen-related molecular patterns along with the subsequent induction of the adaptive immune response [6] . The engagement of TLR endogenous ligands may trigger TLR activation, which results in the initiation and expansion of the innate immune responses [7] . I/R can stimulate injured tissues to release or express a wide range of endogenous TLR ligands, particularly for TLR2 and TLR4, with high-mobility group box 1 (HMGB1) included [6, 8, 9] . HMGB1 is a nuclear factor that is highly and ubiquitously conserved in the nuclei and cytoplasm of nearly all cell types [10] . As an endogenous molecule, HMGB1 is known to signal through the interaction with TLR4, a transmembrane protein involved in the identification of endogenous ligands and innate immune response [11, 12] . It is not only considered a nuclear factor involved in DNA folding and transcriptional activation, but also a server to an extracellular cytokine that is known to be a significant mediator of innate immune responses to injury and infection [13] . Interestingly, HMGB1 has been reported to stimulate cellular signaling through TLR2, TLR4, and TLR9 [9, 14] to result in the recruitment of inflammatory cells and release of pro-inflammatory cytokines and chemokines, contributing to the organ damage in kidney and liver ischemic reperfusion [7, 10, 15] . Based on former analyses, our study was aimed to explore the mechanism by which HMGB1 exacerbates renal IRI through inflammatory and immune responses by mediating TLR4 signaling pathway.
Materials and Methods

Ethics statement
All of the experimental procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and this study was approved by the Ethnic Committee of First Affiliated Hospital, Sun Yat-Sen University (2015-0311).
Animal grouping
The wild-type (WT) and TLR4 knockout (TLR4 -/-) healthy male C57BL/6 mice, aged 10 weeks and weighing 20-25 g, were obtained from the Third Military Medical University Test Center (Chongqing, China). All mice were maintained at 20°C with a humidity of 50% and were given with no food 24 h before the experiment, but were free to drink. The WT and TLR4 -/-mice were randomly assigned to the Sham group, the I/R group or the HMGB1 group (I/R mice injected with HMGB1 protein). Each group had 10 mice, totally 60 mice.
Establishment and treatment of murine model of renal I/R in the I/R, Sham and HMGB1 groups
I/R group: 10% chloral hydrate (300-350 mg, Sigma-Aldrich, Santa Clara, CA, USA) was injected into the murine peritoneum for anesthesia. The mice were fixed in the supine position, with a 3 to 4 cm incision along the abdominal midline, and the right kidney was excised. Next, the left kidney was separated by a glass needle, whose artery was occluded by a bulldog clamp for 3-5 min. The arterial occlusion was successful if the kidney turned murrey from bright red. The bulldog clamp was undone and hemoperfusion was resumed after the blood was blocked for 45 min. It could be seen that the murrey kidney gradually turned bright red. The mice awoke 1-3 h after the operation and were gradually rejuvenated. Failure criterion: at 5 min after the restoration of blood flow, the kidney failed to return to a normal color; the adjacent tissue or organ was damaged during the operation; the mice did not wake up or died 1-3 h after the operation. Sham group: The mice were treated the same as those in the I/R group. Right kidney excision and left kidney separation without occlusion of the artery were performed, with the enterocoelia closed after 45 min. HMGB1 group: Following the I/R procedures, the HMGB1 protein (100 μl) was immediately intravenously injected via the tail (Abcam Plc., Cambridge, UK). The serum and kidney tissues of the mice in each group were collected 24 h after the perfusion.
Specimen collection
After 24 h of perfusion, the mice in each group were narcotized by pentobarbital and were fixed on the operation panel, followed by the routine disinfection. After the sterile gauze was laid on the panel, the abdominal skin and abdominal muscle layer were cut along the midline of the abdomen to separate the aorta abdominalis. The 5 ml injector was applied to puncture the aorta abdominalis from the proximal part, and the artery blood was extracted as much as possible and stored in a one-time-use-tube without anticoagulant. The fully automatic biochemical detector was applied to measure the levels of serum creatinine (Scr) and blood urea nitrogen (BUN), and enzyme-linked immunosorbent assay (ELISA) was used to determine the levels of the inflammatory factors and anti-inflammatory factors. The remaining mice underwent removal and dissection of the kidney; after which, the kidney was lavaged with normal saline. The perfused kidney tissue was cut off, soaked in 10% neutral paraformaldehyde at room temperature and, embedded in paraffin for the preparation of sections. The obtained sections were stored at low temperature. Fresh kidney tissue was obtained and stored at -80°C in an ultra-low temperature freezer.
Enzyme-linked immunosorbent assay (ELISA)
The detection of the TNF-α, IL-1β, IL-6, IFN-γ and IL-10 proteins in serum was in strict accordance with the specification of the corresponding ELISA kits (Shanghai Westang Bio-tech Co., Ltd., Shanghai, China). The kit was equilibrated at room temperature for 20 min, and the scrubbing solution was prepared. Ten standard wells were set on an enzyme-labeled coated plate, including 2 blank control wells without sample and the enzyme standard reagent. Additionally, the standard curve was drawn according to the gradient dilution of the standard substance. The samples were diluted and added to wells to be tested. The plate with samples was gently shaken and closed, followed by incubation at 37°C for 30 min. Subsequently, the liquid in each well was removed, and the scrubbing solution was added and aspirated after 30 s. The above procedures were repeated 5 times. After the plate was dried, the enzyme standard reagent (50 μl) was added, and the plate was then incubated at 37°C for 30 min; after which, the liquid was aspirated, and scrubbing solution was added, and aspirated after 30 s. The procedure was repeated 5 times. Next, the plate was dried. Color developing agent A (50 μl) was added to each well; after which, 50 μl of color developing agent B was added and mixed with agent A for incubation at 37°C in the dark condition for 15 min. Finally, 50 μl of stop buffer was added. The blank well was used for the zero set. The optical density (OD) value (450 nm) of each well was detected within 15 min. The microplate reader was purchased from Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA).
Hematoxylin-eosin (HE) staining
The specimens of fresh kidney tissues in six groups (10 mice in each group, totally 60 mice) were fixed in 10% formalin (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) for 24 h, followed by ethanol dehydration, transparentization, dewaxing, embedding and serial paraffin section preparation (4 μm; 1 section per mouse). After conventional dewaxing, the sections were stained with hematoxylin for 5 min, washed with water, differentiated in 1% hydrochloric-alcohol, and washed with water again. Next, the
Immunofluorescence and immunohistochemical staining
Immunofluorescence staining of CD68 in kidney tissue: The paraffin-embedded kidney tissue sections were baked at 60°C for 1 h, dewaxed by xylene 2 times (5 min/time) and hydrated in gradient ethanol and distilled water, after which the sections were boiled in citrate buffer solution (pH 6.0) for 15 min and the endogenous peroxidase was inactivated. The CD68 rabbit anti-mouse primary antibody diluted 1: 200 was added for the reaction at 4°C overnight, followed by phosphate-buffered solution (PBS) washing 3 times. The goat anti-rabbit fluorescent secondary antibody (diluted 1: 200; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China) was added for incubation at 37°C for 2 h in the dark condition, followed again by PBS washes 3 times. The dye 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Santa Clara, CA, USA) was added, and the expression level of CD68 cells was observed under a laser scanning confocal microscope (Olympus Corporation, Tokyo, Japan). Image J software was used to calculate the number of positivestaining CD68 cells.
Immunohistochemical detection of myeloperoxidase (MPO) in kidney tissue: The paraffin-embedded kidney tissue sections were dewaxed by conventional paraffin and citrate buffer solution was used for antigen retrieval, followed by incubation at room temperature for 10 min using 0.3% hydrogen peroxide and the removal of the endogenous peroxidase. Next, the sections were closed by serum and placed in a humidity chamber at 37°C for 30 min. Subsequently the serum was eliminated and MPO primary antibody (diluted 1:1000; ab25989; Abcam Company, Burlingame, CA, USA) was added. The humidity chamber with plastic bag was placed in a 4°C refrigerator overnight (> 16 h), after which the secondary antibody was added and the incubation at room temperature for 25 min was performed. The sections were then colored in diaminobenzidine (DAB), dehydrated gradually in a conventional way, transparentized, sealed with neutral resin and observed under the microscope. The number of positive MPO neutrophils in each group was calculated by randomly selecting ten fields of view at high magnification.
Flow cytometry
The weight of kidney tissues was determined, and the normal saline whose volume (ml) is 9 times of the tissue weight (g) was added. Next, the tissues were chopped and bathed in ice water for the preparation of homogenate, followed by centrifugation at 2500 to 3000 rpm for 10 min. The 10% homogenate supernate was collected for further use. The kidney tissue homogenate was resuspended in fluorescence-activated cell sorter (FACS) buffer containing 1% PBS and 0.1% sodium azide PBS, which was mixed with 3 ml of 90% percoll separating medium (General Electric Healthcare Company, Little Chalfont, Buckinghamshire, UK). With the addition of 1 ml of 70% percoll in the bottom of the suspension, centrifugation at 3000 rpm for 30 min was performed. The mononuclear cells were collected in the centrifuge tube, after which 1 ml of FACS buffer was used to resuspend the cells and the number of cells was calculated. The mononuclear cells (5 × 10 4 ) were labeled by TCR-FITC, SIRP-Biotin, CD4-PE, CD8-Biotin and Foxp3-FITC (all from AbDserotec Company, Kidlington, UK), and were then incubated on ice for 20 min. The FACS (1 ml) suspension was subject to washing and centrifugation, followed by the addition of SIRP-Biotin and CD8-Biotin primary antibodies with 1 μl of SA-Cy5PE, and incubation on ice for 20 min. Flow cytometry (Becton Dickinson Company, Franklin Lakes, New Jersey, USA) was applied to detect the immune cell subtypes which were analyzed by FlowJo 7.5.3 software to calculate the absolute number of immune cell subtypes in mononuclear cells. 
Quantitative real-time polymerase chain reaction (qRT-PCR)
The fresh kidney tissues in six groups were collected to extract total RNA by Trizol and 500 ng of RNA was reverse transcribed in accordance with the specification of Reverse Transcription System A3500 (Promega Biotech Co., Ltd., Madison, Wisconsin, USA). According to the gene sequences published by Genbank, Primer 5.0 was used to design the primers (Table 1) , which were produced by Shanghai Sangon Biological Engineering Technology & Services Co., Ltd., Shanghai, China. The reaction conditions of qRT-PCR (SYBR GREEN) were as follows: 95°C for 15 min once and then 40 cycles of 95°C for 30 s, 60°C for 45 s, 72°C for 1 min. The reaction system was as follows (25 μl): 12.5 μl of Premix Ex Taq or SYBR Green Mix, 1 μl of forward primer, 1 μl of reverse primer, 1-4 μl of DNA template and ddH 2 O. GAPDH was regarded as the internal control gene, and the standard value of the control group was set as 1 to obtain the Ct values of targeted genes (the power curve inflection point was amplified). The relative quantification (RQ) of target genes was calculated by using the following formula: RQ = 2 -ΔΔCt , and then was used for statistical analysis. The fluorescence quantitative PCR instrument (iQ5) was purchased from the Bio-Rad Laboratories (Bio-Rad Laboratories, Hercules, CA, USA).
Western blotting
The concentration of the kidney tissue protein was detected in accordance with the bicinchoninic acid (BCA) kit (Beyotime Biotechnology Ltd., Shanghai, China). Next, 5× loading buffer (Beyotime Biotechnology Ltd., Shanghai, China), and proteases and phosphatases inhibitors (F. Hoffmann-La Roche Ltd., Basel, Switzerland,) were added; after which, the protein was boiled at 95°C for 10 min (30 μg in each well), followed by ionophortic separation in 10% polyacrylamide gels (Boster Biotechnology Ltd., Wuhan, Hubei, China), transfer to a polyvinylidene fluoride (PVDF) membrane (Amresco, Solon, OH., UAS), and sealing at room temperature for 1 h with 5% bovine serum albumin (BSA) (Beijing Huamei Bioengineering Ltd., Beijing, China). The primary antibodies which were purchased from Abcam Public Limited Company (Abcam Plc., Cambridge, UK) and diluted by Trisbuffered saline with Tween (TBST) (Beijing Baiaolaibo Science and Technology Ltd., Beijing, China), including β-actin (ab1801, 1: 1000), HMGB1 (ab79823, 1:10000), MyD88 (ab2068, 1 µg/ml), toll/IL-1 receptor domain-containing adaptor inducing interferon-β (TRIF) (ab13810, 1:1000), nuclear factor κB p65 (NF-κB p65) (ab7970, 1: 1000), protein/extracellular-signal-regulated kinase (p-ERK) (ab76299, 1: 5000) and p-p38 (ab47363, 1: 1000), were added for the reaction at 4°C overnight. TBST was used to wash the membrane 3 times (5 min/time), and the relative secondary antibody (Abcam Plc., Cambridge, UK) was added to the reaction at 37°C for 2 h; after which, the membrane was washed. The A and B substrate color liquids (Promega Biotech Co., Ltd. Madison, Wisconsin, USA) were mixed 1: 1 for color development at room temperature for 1 min, and the membrane was covered with plastic wrap -/-mice both in the I/R group and in the HMGB1 group (all P < 0.05). The serum BUN and Scr levels in both the WT and TLR4 -/-mice were significantly higher in the I/R and HMGB1 groups than in the Sham group. And compared with the I/R group, the serum BUN and Scr levels in the WT and TLR4 -/-mice were significantly up-regulated in the HMGB1 group (all P < 0.05) (Fig. 1) .
Comparisons of the pro-inflammatory and anti-inflammatory cytokine levels between the WT and TLR4
-/-mice among the Sham, I/R and HMGB1 groups In the Sham group, no significant difference in the levels of TNF-α, IL-6, IFN-γ, IL-1β and IL-10 was found between the WT and TLR4 -/-mice (all P > 0.05). But significant increases of TNF-α, IL-6, IFN-γ, IL-1β and IL-10 levels were noted in the I/R and HMGB1 groups when compared with the Sham group (all P < 0.05). Besides, the levels of TNF-α, IL-6, IFN-γ and -/-mice in the Sham, I/R and HMGB1 groups. Note: A, the serum BUN levels in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; B, the serum SCR levels in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; different letters represent a significant difference at the level of 5%; WT, wild-type; I/R, ischemia/ reperfusion; HMGB1, high-mobility group box 1.
IL-1β in the WT and TLR4
-/-mice were significantly higher in the HMGB1 group than in the I/R group, but the IL-10 level was significantly lower (all P < 0.05). In the I/R and HMGB1 groups, the WT mice had significantly higher levels of TNF-α, IL-6, IFN-γ and IL-1β than the TLR4 -/-mice, but had significantly lower level of IL-10 (all P < 0.05) (Fig. 2) .
Comparisons of the pathological change of kidney tissues between the WT and TLR4 -/-mice among the Sham, I/R and HMGB1 groups
After 24 h of I/R, there was rare renal tubular damage in the WT and TLR4 -/-mice in the Sham group. Tubular ectasia, epithelial cell swelling, necrosis and abscission, and renal -/-mice in the Sham, I/R and HMGB1 groups; different letters represent a significant difference at the level of 5%; WT, wild-type; HE, hematoxylin-eosin; I/R, ischemia/reperfusion; HMGB1, high-mobility group box 1. interstitial inflammatory cell infiltration were observed in the WT and TLR4 -/-mice in the I/R and HMGB1 groups. Additionally, the renal pathological and structural damage score was significantly increased and more severe damage was noted in the WT mice than in the TLR4 -/-mice (P < 0.05). Compared with the Sham group, the infiltration of massive inflammatory cells and increase in the renal pathological and structural damage score were observed in the WT and TLR4 -/-mice in the I/R and HMGB1 groups. Additionally, the damage was more severe in the HMGB1 group than in the I/R group (all P < 0.05) (Fig. 3) .
Comparisons of CD68 and MPO cell infiltration between the WT and TLR4
-/-mice among the Sham, I/R and HMGB1 groups Compared with the Sham group, higher degree of CD68 + and MPO + cell infiltration was observed in the WT and TLR4 -/-mice in the I/R and HMGB1 groups, but the numbers of CD68 + macrophages and MPO + neutrophils in the WT and TLR4 -/-mice were significantly increased in the HMGB1 group compared with those in the I/R group (all P < 0.05). The CD68 + macrophage and MPO + neutrophil infiltration was observed in the WT and TLR4
-/-mice in the I/R and HMGB1 groups, and the infiltration degree in the WT mice was higher than that in the TLR4 -/-mice (P < 0.05). No inflammatory cell infiltration was noted in the Sham group (Fig. 4) .
Comparisons of the lymphocyte infiltration between the WT and TLR4
-/-mice among the Sham, I/R and HMGB1 groups After 24 h of I/R, no difference was found in T lymphocytes, CD4 + and CD8 + T cells or monocytes/macrophages between the WT and TLR4 -/-mice in the Sham group (P > 0.05). However, in the I/R and HMGB1 groups, the WT mice had more above lymphocytes than the TLR4 -/-mice (all P < 0.05). Compared with the Sham group, the numbers of T lymphocytes, CD4 + and CD8 + T cells and monocytes/macrophages in the WT and TLR4 -/-mice were increased in both the I/R and HMGB1 groups, and the cell numbers in the I/R group were higher than those in the HMGB1 group (all P < 0.05) (Fig. 5) . 
Comparisons of the TLR4 signaling pathway-related gene expressions between the WT and TLR4
-/-mice among the Sham, I/R and HMGB1 groups After 24 h of I/R, the mRNA expressions of HMGB1, MyD88, TRIF, NF-κB p65, ERK and p38 in the WT mice were highly expressed in the I/R and HMGB1 groups compared with the expression levels of the TLR4 -/-mice (all P < 0.05), but no significant difference was found between the WT and TLR4 -/-mice in the Sham group (all P > 0.05). Compared with the Sham group, the mRNA expressions of HMGB1, MyD88, TRIF, NF-κB p65, ERK and p38 in the WT and TLR4
-/-mice were up-regulated in the I/R and HMGB1 groups, and the expression levels of in the HMGB1 group were significantly higher compared with the I/R group (Fig. 6) .
Comparisons of the TLR4 signaling pathway-related protein expressions between the WT and TLR4
-/-mice among the Sham, I/R and HMGB1 groups After 24 h of I/R, no significant difference was observed in HMGB1, MyD88, TRIF, NF-κB p65, pERK and p-p38 protein expression levels between the WT and TLR4 -/-mice in the Sham group (all P > 0.05). In the I/R and HMGB1 groups, these proteins were highly expressed in the WT mice compared to the TLR4 -/-mice (all P < 0.05). Compared with the Sham group, the expression levels of HMGB1, MyD88, TRIF, NF-κB p65, pERK and p-p38 proteins in the WT and TLR4 -/-mice were significantly higher in the I/R and HMGB1 groups (all P < 0.05). Additionally, the protein expression levels in the WT and TLR4 -/-mice were significantly higher in the HMGB1 group than in the I/R group (all P < 0.05) (Fig. 7) .
Discussion
In our study both the WT and TLR4 -/-mice in the I/R and HMGB1 groups showed renal tubular expansion, swelling and necrosis of epithelial cells and high degree of renal interstitial inflammatory cell infiltration. These results are consistent with the study of -/-mice in the Sham, I/R and HMGB1 groups. Note: A, the mRNA expression of HMGB1 in the WT and TLR4
-/-mice in the Sham, I/R and HMGB1 groups; B, the mRNA expression of MyD88 in the WT and TLR4
-/-mice in the Sham, I/R and HMGB1 groups; C, the mRNA expression of TRIF in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; D, the mRNA expression of NF-κB p65 in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; E, the mRNA expression of ERK in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; F, the mRNA expression of p38 in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; different letters represent significant difference existing at the level of 5%; WT, wild-type; I/R, ischemia/ reperfusion; HMGB1, high-mobility group box 1. -/-mice in the Sham, I/R and HMGB1 groups; G, the protein expression of p-p38 in the WT and TLR4 -/-mice in the Sham, I/R and HMGB1 groups; different letters represent significant difference existing at the level of 5%; WT, wild-type; I/R, ischemia/reperfusion; HMGB1, high-mobility group box 1.
Rodriguez-Peña et al. who explained that the initial pathological events in renal I/R include vasoconstriction, endothelial cell activation, tubular desquamation and swelling, necrosis of the tubular epithelium, and interstitial edema [17] , giving way to the progression of the inflammatory process, a major cause of I/R-induced tissue injury [18, 19] . The necrotic cells triggered by the lack of oxygen and nutrients in ischemic process can greatly stimulate immune responses and result in the infiltration of inflammatory cells and the production of cytokines [20] . These findings show that inflammation and immunization are frequent responses in IRI. The present study investigated how HMGB1 aggravates renal IRI through inflammatory and immune responses via TLR4 signaling pathway. The data implies that the up-regulation of HMGB1 could enhance the activation of the TLR4-HMGB1-MyD8/TRIF signaling pathway, thereby stimulating inflammatory and immune responses and ultimately exacerbating renal IRI.
This study initially showed that in the WT and TLR44 -/-mice, the BUN and Scr levels were significantly higher in the I/R and HMGB1 groups than in the Sham group, suggesting kidney damage induced by I/R. Consistent with our study, Jia et al. found that 24 h after I/R, the rats developed remarkable renal dysfunction implied by an increase in the BUN and Scr levels [21] . Furthermore, the BUN and Scr levels in the HMGB1 group exceeded those in the I/R group and the levels in the WT mice surpassed those in the TLR44 -/-mice, indicating that HMGB1 and TLR4 contribute to IRI. Previous studies have shown that HMGB1 and TLR4 expressions are up-regulated under ischemic condition and HMGB1 promotes IRI by binding to its receptor TLR4 [22, 23] . However, the kidney injury occurred in both the WT and TLR4
-/-mice indicated that other factors other than TLR4 could result in kidney damage as well. Shigeoka et al. revealed that TLR2 plays an important role in IRI through MyD-88 signaling pathway and Li et al. pointed out that renal IRI happened following the activation of TLR2 signaling pathway [24, 25] . Besides, TLR3 was also proved to be associated with the pathogenesis of kidney injury after I/R [26] .
Through the detection of the levels of pro-inflammatory and anti-inflammatory cytokines, we found that the levels of TNF-α, IL-6, IFN-γ, IL-1β and IL-10 in the I/R and HMGB1 groups are markedly increased. Furthermore, the HMGB1 group had significantly higher TNF-α, IL-6, IFN-γ and IL-1β levels than the I/R group, implying a stimulatory role of HMGB1 in inflammation. HMGB1 was found to increase the expressions of IL-6 and TNF-α which promote the release of HMGB1, aggravating inflammatory responses [27] . As revealed in previous studies, HMGB1 acting as a stimulus activates human neutrophils, monocytes and macrophages to produce pro-inflammatory factors, such as TNF-α, IL-6, IL-1β and IL-8, to amplify inflammatory response [28, 29] . Additionally, Li et al. explained that HMGB that acts as a ubiquitous DNA-binding protein amplifies and extends the inflammatory response by inducing cytokine release and modulating acute lung injury, anorexia, as well as the inflammatory response to tissue necrosis [30] . Thus, HMGB1, which serves as a promoter of the inflammatory responses, was recently discovered as pro-inflammatory cytokine [12] . TNF-α and IL-6 are the typical cytokines that could exacerbate IRI, thus it could be concluded that HMGB1 plays a pathogenic role in I/R, as illustrated by the up-regulation of HMGB1 and the generation of inflammatory factors in the kidney after I/R [31] . More importantly, in the I/R and HMGB1 groups, the levels of TNF-α, IL-6, IFN-γ and IL-1β were much lower in the TLR4 -/-mice than those in the WT mice. As Chang et al. reported, pathogen-associated molecular patterns by TLRs trigger signaling pathways that produce pro-inflammatory cytokines and type I interferons [32] . HMGB1 can activate the production of pro-inflammatory factors by innate immune cells through the binding to cell-surface receptors like TLR2 and TLR4, and HMGB1-TLR2/TLR4 signaling pathway was found to be activated in several inflammatory diseases, including rheumatoid arthritis (RA), sepsis, and arteriosclerosis [33, 34] .
According to the analyses of CD68 and MPO cell infiltration, and lymphocytes in the kidney tissues, the present study showed higher degree of CD68 + macrophage and MPO + neutrophil infiltration and increased lymphocytes in the I/R and HMGB1 groups. IRI was shown to induce rapid supplement and activation of macrophages and neutrophils, and activated neutrophils could secrete pro-inflammatory molecules, reactive oxygen species (ROS) and chemokines [35] . Macrophages were regarded as the primary cells involved in the process of increased phosphorylated S6 (pS6) immunoreactivity after injury [36] . As reduced macrophages and neutrophils are associated with decreased inflammation in the leison site [37] , our study indicates increased inflammation. In the I/R and HMGB1 groups, the infiltration degree of CD68 + macrophages and MPO + neutrophil in the WT mice was higher than that in the TLR4 -/-mice. Consistent with our study, Freitas et al. showed that increased macrophage and neutrophil infiltration was found in the WT mice [37] . Zhang et al. reported that the hematoma in the injury site would up-regulate TLR4 and activate macrophages after injury, which further initiated pro-inflammation cascade, indicating that TLR4 plays a positive role in inflammatory responses [38] . In our study, compared with the I/R groups, T lymphocytes, CD4 + and CD8 + T cells, and monocyte/macrophages, were increased markedly in the HMGB1 group. Lee et al. evaluated tumor-infiltrating lymphocytes (TILs) and the immunohistochemical expression of HMGB1 and HMGN1 in 447 HER2-positive breast cancer tissues and found that high HMG protein expression was closely related to a high histological grade, high levels of TILs and higher infiltration of peritumoral lymphocytes [39] . Additionally, in the I/R and HMGB1 groups, the lymphocyte levels were higher in the WT mice than in the TLR4 -/-mice, suggesting that the TLR4 loss-of-function may alleviate lymphocytic infiltration. Pihlgren et al. demonstrated that the T cell-independent (TI) IgG response was strictly dependent on the ligation of TLR4 receptors on B cells, and TLR ligand is assembled and appropriately presented directly to B lymphocytes [40] . In addition, TLRs has been shown to mediate the innate immune responses, and HMGB1 produced by monocytes/macrophages binds to TLR4 after I/R [22] . Ultimately, we found that after 24 h of renal I/R, the expression levels of HMGB1, MyD88, TRIF, NF-κB p65, ERK, and p38 mRNA and protein in the WT mice were higher than those in the TLR4 -/-mice and were higher in the HMGB1 group than in the I/R group. TLR, a well-featured pattern-recognizing receptor of the innate immune system, is crucial in initiating an intracellular signaling cascade; after activation, various TLR pathways can promote the expression of factors, such as MyD-88 adapter protein [41] , as well as IFN-β, IKK-α and IKK-β genes [42] . Additionally, the results showed that the expression levels of TLR signaling pathway-related genes were elevated in the HMGB1 group compared with those in the I/R group, suggesting that the injection of HMGB1 can activate the TLR signaling pathway. HMGB1 is not only a nuclear factor related to transcriptional activation and DNA folding but also a trigger to activate cellular signaling through TLR2, TLR4, and TLR9, leading to the recruitment of inflammatory cells and release of pro-inflammatory cytokines [7] . HMGB1 protein, as a chromatin-binding factor, not only facilitates nucleosome stabilization and regulates gene transcription but also triggers the immune responses [43] .
In summary, our data supported that the up-regulation of HMGB1 could exacerbate renal IRI through the stimulation of inflammatory and immunological responses by promoting the activation of TLR-HMGB1-MyD88/TRIF signaling pathway. The mechanism revealed in this study suggests that HGMB1-TLR4 signaling pathway can be a novel target for the renal IRI therapy. In the meanwhile, it also implies that HMGB1 might be used as a diagnostic or prognostic marker in inflammatory diseases, which has a significant clinic value. However, this study failed to provide specific degrees of kidney tissue injury scores and inflammatory levels. Moreover, our study did not measure the change of HMGB1 expression level during 24 h after I/R. Therefore further thorough experiments are needed to confirm the results.
